Abstract-A novel method is described which measures the delay between polarization eigenmodes in either high-or low-birefringence fibers. The main advantage of this interferometric method is its ability to perform the measurements without the use of any polarizing device. This results in a particularly easy handling and makes this technique very suitable for systematic fiber controls. The obtained accuracy using an all-fiber setup is 0.02 ps/m for highly birefringent fibers and 0.003 ps/m when the birefringence is low.
I. INTRODUCTION
OHERENT transmission systems offer important po-C tential advantages compared to the classical optical links and are forecast to take a predominant place in the near future. These systems require the light polarization state to be pure and stationary at the fiber output end. This can be achieved by using either very high-or very lowbirefringence fibers [ 11. In both cases the knowledge of the birefringence value is important. Before installing future links, the fiber check procedure will therefore include the measurement of birefringence, together with other parameters such as the attenuation and the chromatic dispersion.
The need for a reliable and easy-to-use measurement method for systematic birefringence control has recently given rise to many experimental developments. Numerous methods have been proposed to date measuring either the birefringence or the polarization mode dispersion (21- [6] . But all these methods require at least one light polarizing device and most of them retardation plates. Thus, in addition to the fiber positioning, the polarization state must be set in a particular orientation with respect to the fiber birefringence eigenaxes. This supplementary alignment can make the handling uneasy and may result in wrong measurements if inaccurately performed.
A novel method is reported here which performs this measurement without the use of any light polarizing device mental property that an interferometric reconstruction cannot occur for lightwaves in orthogonal polarization states. The interferences can therefore provide a polarization-dependent information even using an unpolarized light source. This was achieved using an interferometer with a reference arm of known birefringence, the other arm being a sample of the fiber to be measured. The birefringence is obtained from either the positions of the interference patterns or their contrast, provided that the light source is polychromatic and wavelength tunable.
BASIC PRINCIPLES
Assuming a single transverse mode, let the electrical field at the interferometer input be:
I where the summation is performed over the longitudinal modes-or frequencies-of the source and E,, is the mode complex amplitude, U , its optical angular frequency, and U , a Jones' vector representing its polarization state.
After the interferometric reconstruction the detected intensity is given by where b , , b2 are complex coefficients with 16, )* + 1 b2 1' = 1, representing the constant amplitude and phase differences between the fields in each arm, and P I , , BIZ are the propagation constants of each mode in each arm. The two last terms represent the interference signal, are complex conjugated and are the only polarization-dependent terms, as anticipated.
The polarization vector u ,~ ( lL ), k = 1, 2, can be related to the incident polarization vector U , by an unitary transformation 
For completely unpolarized light the density operator p is simply
where 4O is a possible frequency-independent phase retardation, A n is the birefringence and A N = A n -
for the group velocity. In a first stage the arm 2 is assumed to be purely birefringent ( cyyi2 = 0), the effect of an optical activity being later deduced by a simple analogy.
The detected intensity given by (2) can be finally calculated using (lo), (1 l), and (12), the summation over the longitudinal modes being converted into an integral by introducing a normalized spectral density where wo is the spectrum median frequency. Hence (7) so that expression (6) can be straightforwardly evaluated using (4) and (7), yielding
This result being a real quantity it represents the product U 6 ( l2 U , I ( lI ) and its complex conjugate U I:
as well, provided that the incident light is unpolarized.
If one of the arms, say arm 1, is neither birefringent ( 4 f l = 0 ) nor optically active ( a l l = 0 ) , expression (9) greatly simplifies and reads 
.
is the first-order degree of temporal coherence of the light at the output of the interferometer, that is, taking into account the smoothing effect of the dispersive terms. Actually this effect is negligible in most cases, the dispersion remaining low over the spectral region of interest. In extreme conditions (large chromatic dispersion and strongly assymmetrical spectrum) 4 is no longer constant and de- Expression (14) clearly shows that each polarization mode gives rise to an independent interferometric reconstruction. When the length lI is varied at a constant rate, two contributions to the interference signal are distinguishable for each polarization mode: a rapidly varying contribution, given by the cosine term and representing the individual interferences, and a contrast term given by 1 gD 1 which slowly varies, provided that the source spectral width Aw is much smaller than wo. Both these contributions contain information about the birefringence.
The maximum of contrast occurs when the group delays in both arms are equal. This property is widely used to measure the chromatic dispersion [7] . As intuitively expected, the effect of birefringence is to split the interference pattern obtained when the arm length l1 is varied into two new patterns. Similarly, if arm 2 is in addition optically active, each of these patterns is split again, resulting in four independent patterns.
EXPERIMENTAL SETUP
The experimental setup, previously developed for chromatic dispersion measurements [7] , can be used unmodified for birefringence measurements. For clarity a diagram of the setup is shown in Fig. l and its main features are briefly described as follows.
A Michelson configuration, in which one single-mode coupler performs the light splitting and the reconstruction, resulting in fewer optical elements, a double optical path through the test fiber, and thus better stability and resolution. A fiber variable delay line in the reference arm, achieved using the elastic properties of the fiber and enabling the length l1 of the reference arm to be scanned without using an air path.
These features enable an all-fiber setup to be achieved, resulting in a better reliability and a great immunity to external perturbations.
The light source is a tungsten halogen lamp and a part of its spectrum is selected using a monochromator. While measuring, the reference arm length lI is varied at a constant speed, so that the light experiences a Doppler shift. The interferometric reconstruction therefore gives rise to a beat signal, of which the amplitude can be measured using a tuned lock-in amplifier. This amplitude is a direct and fast measurement of the interference contrast.
The obtained 2-fs time accuracy on the maximum contrast position corresponds to a 0.5 ps/km group delay resolution using a 1.85-m test fiber. The all-fiber configuration requires two calibrations: one to establish the relationship between the actual elongation and the optical path change in the fiber delay line and the other to determine the dispersion spectrum of the reference arm. This latter calibration is achieved by replacing the test fiber by a nondispersive air path. A non-negligible birefringence in the reference arm can also be detected by this calibration, so that a careful selection of suitable reference fiber can be performed (more complete information can be found in [7] ).
IV. RESULTS

A . High-Birefringence Fibers
When the delay between the polarization modes is large enough to exceed the coherence length, the interference patterns are well distinct so that independent group delay measurements can be performed on each pattern. The interferences' visibility in such a situation is shown in Fig.  2 , when the length of the reference arm is varied. The maximum visibilities at the center of each pattern must be equal, provided that the light is perfectly unpolarized. Actually the partial polarizing effect of the monochromator gives rise to a small difference of visibility, as illustrated in Fig. 2 .
The group delay spectrum can therefore be measured independently for each polarization mode, as shown in Fig. 3 , and their chromatic dispersion can be separately calculated. The difference between the two group delay curves yields the polarization mode dispersion A N / c , shown in Fig. 4 for two fibers with a different design to induce the birefringence. An increased scattering of the experimental points is observed for the longer wavelengths, owing to the greater overlap of the interference patterns due to a larger coherence length. The overlapping of the interference patterns strongly perturbates the measurement and actually limits the minimum polarization mode dispersion which can be accurately measured. The lower bound can be defined similarly to the resolving power of an optical instrument as the situation in which the first minimum of one interference pattern corresponds to the maximum of the other. This definition yields the following condition:
resulting in a minimum measurable polarization mode dispersion of 0.4 ps/m at 1300 nm and of 0.5 ps/m at 1550 nm using the above described setup ( A h = 9.5 nm, l2 = 1.85 m). This technique is therefore clearly restricted to the measurement of fiber specially designed to be highly birefringent. If the condition (16) is fullfilled, the accuracy on polarization mode dispersion is estimated to be about 0.02 ps/m. Wavelength, Cprni Fig. 3 . Group delay spectrum of each polarization mode of a high-birefringence fiber.
[lo]. But this technique requires a rather long computation time and may give unstable results. A better way is either to increase the source spectral width AA resulting in a better separation of the interference patterns, or, if not sufficient, to strongly decrease the spectral width and to use the technique for low-birefringence fibers measurement described in the next section.
B. Low-Birefringence Fibers
A low birefringence in the test arm of the interferometer gives rise to a complete overlapping of the interference patterns of both the polarization modes, so that they are in no way distinguishable. In other words, owing to the slow variation of the contrast function I g, 1 in expression (14), the following approximation holds:
However, an equivalent approximation cannot be established for the cosine terms in (14) owing to their rapid variations. Using (17), expression (14) can be rewritten in the following form The birefringence A n , however, can be evaluated in no way using such a technique. Nevertheless Fig. 4 clearly shows that the wavelength dependence of A N is very low. Actually the wavelength-independent stress-induced birefringence is much greater than the wavelength-dependent geometrically induced birefringence [ 81. This observation is confirmed by other measurements on different fibers, even showing a strong core ellipticity [9] . Consequently the measurement of polarization mode dispersion, and thus A N , yields an excellent approximation to the birefringence.
In order to measure fiber of lower birefringence, that is, when a strong overlapping of the interference patterns occurs, it remains possible to fit expression (14) on the measured visibility using a nonlinear least-squares method As intuitively anticipated, this expression shows that one interference pattern actually results from the interferometric reconstruction when the birefringence is low enough. But the birefringence effect gives rise to a periodic variation of the interference contrast when the optical frequency oo is scanned. Fig. 5 illustrates this feature showing actual interference visibility measurements of the same fiber at different wavelengths. The periodic spectral variation of the contrast is clearly observed when the maximum visibility is measured over a wide spectral range, as shown in Fig. 6 . The period being directly related to the birefringence, it can be determined by performing a Fourier transform of the contrast as a function of the optical frequency. The result of such a transform is plotted in Fig. 7 . The delay per unit length A n / c between the polarization modes, and thus the birefringence, is simply given by the abscissa of the sharp peak. The smaller peak is the first overtone and is just a computation artifact. A 23 ps/km delay between the polarization modes is obtained on this standard single-mode fiber and may result in a polarization mode dispersion exceeding the chromatic dispersion effect in normal conditions.
Contrary to the former method, the whole set of measurements over the spectrum is globally used to find the birefringence value, which must be assumed to be constant over the investigated spectral range. This assumption also implies A N = A n and thus the polarization mode dispersion and the birefringence cannot be distinguished using this technique. This drawback is actually not a limitation, because the birefringence is mostly stress induced when accidental and thus wavelength independent, as previously mentioned and observed. The resolution of this method is limited by the spread of the spectral range, because a full contrast oscillation must be measured to determine the period. Hence where Amin, A, , , are the lower and upper bounds of the investigated spectrum, respectively. The wide spectral range of the setup ( Amin = 1100 mm, A, , , = 1700 nm) results in a 0.003 ps/m resolution on the delay between the polarization modes. This is more than two orders of magnitude better than the former technique.
This resolution makes the method perfectly suitable for systematic fiber controls before the installation of an optical link. However, it corresponds to a beat length at 1300 nm shorter than 1.5 m and is therefore not sufficient to detect polarization effects and phase retardation in fibers such as those involved in sensors applications.
V. CONCLUSION
These two methods for birefringence measurements are particularly suitable for a systematic control of either highor low-birefringence fibers to be used as transmission links. This is achieved using an unpolarized light and no polarizing device, so that the birefringence eigenaxes do not have to be matched to the polarization state of the incoming light. Linear and circular, or even elliptical, birefringences give the same experimental response and can therefore be equally measured with no setup modifications. Furthermore, a chromatic dispersion measurement can be simultaneously performed using the same experimental configuration and even the same interference visibility measurements. These advantages together with the wide spectral coverage of the setup intend this interferometric method to be a very universal measuring tool for single-mode fibers. 
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